Colorectal cancer is the third most common cancer and is highly fatal. During the last several years, research has been primarily based on the study of expression profi les using microarray technology. But now, investigators are putting into practice proteomic analyses of cancer tissues and cells to identify new diagnostic or therapeutic biomarkers for this cancer. Because the proteome refl ects the state of a cell, tissue or organism more accurately, much is expected from proteomics to yield better tumor markers for disease diagnosis and therapy monitoring. This review summarizes the most relevant applications of proteomics the biomarker discovery for colorectal cancer.
INTRODUCTION
Cancer is not a single disease, but an accumulation of genetic and epigenetic events. It is characterized by uncontrolled growth of cells that can invade and destroy normal tissues. These abnormal cells can also spread through the bloodstream or lymph system to start new tumors in other parts of the body. The disease is a great challenge to clinicians and scientists.
Recent progress in molecular biology has allowed the identifi cation of markers usefull for patient management through the identification of genetic alterations and an understanding of chemotherapy molecular targets. Several examples in digestive oncology underline the relevance of molecular biology in clinical research [1] . Colorectal cancer is a common malignancy with an annual incidence of over 945 000 cases worldwide and an annual mortality of 492 000 [2] . Surgery is the treatment of choice offering a potential cure. However, 30%-40% of patients have local regionally advanced or metastatic disease on presentation, which cannot be cured by surgery alone [3] . In addition, more than half of patients initially believed to be cured develop recurrence and die of the disease [4] . Advances in genomics and proteomics contribute to our understanding of pathways that control growth, differentiation, and death of cells. In these processes, the identification of candidate disease genes and modifier genes by integrated study of gene expression and metabolite levels is instrumental for future health care. This approach, called systems biology, can recognize early onset of disease and identify new molecular targets for novel drugs in cancer [5] . Proteomics analyzes proteins within a cell or in the corresponding tissue; the proteins of interest are identifi ed, but their function and interactions are not determined. The research provides complete and detailed data about structure, expression, and function of genes, but failes to demonstrate how all the information implicated in the genome is used. In the ''post-genomic era,'' proteomics might be the key to understand systems biology. During the past few years, proteomics has been utilized in many fields of science, medicine, pharmacy, industry and agriculture [6] . In most of the applications proteomics is used to determine expression profi les of proteins in cells and tissues in normal or disease states [7] that are responsible for abnormal cell proliferation. The identification of proteins that are characteristic for cancer development can potentially uncover diagnostic, or prognostic markers, or novel drug targets, and could help understand the mechanisms underlying tumor formation ( Figure 1) .
Currently, proteomic technology has been used in two areas of cancer research, in early diagnosis and in the treatment of patients, that also includes prediction of response. This technology, when combined with genomic analysis, may provide more information about the molecular basis of carcinogenesis and the development of more effective anti-cancer therapies. This review focuses on the proteomic studies applied in colorectal cancer.
PROTEOMIC TECHNIQUES IN CANCER

RESEARCH
Sample preparation in proteomic
Sample preparation is the most critical step in any proteomics study. This is important because it affects reproducibility as a result of the heterogeneity of proteins derived from cell populations [8] . From the time of sample collection to when proteins are processed for analysis, multiple factors come into play. Mechanical methods, such as surface scrapping and fi ne needle aspiration, have been used for capturing cancer cells [9] . Calcium depletion and other nonenzymatic methods, such as immunomagnetic separation, have been used to obtain pure populations of cancer cells [10] . An important advancement in sample preparation has been the development of laser capture microdissection (LCM). The LCM system per mits obtaining pure populations of cancer cells from frozen, paraffin-embedded, stained, and unstained tissues for molecular analysis. The system is based on visualizing a tissue section via light microscopy and procurement of cells by activating a 7.5-30 micron diameter infrared laser beam which adheres the tissue to a plastic cap. Intact deoxyribonucleic acid, RNA, and protein are then extracted from the adhered tissue which then can be analyzed using conventional methods [11, 12] . Protein expression has been compared using 2-D PAGE and differentially expressed proteins identified by mass spectrometry, permitting the discovery of a novel colorectal cancer biomarker [13, 14] .
Two-dimensional gel electrophoresis and tumor protein detection (2D)
Traditional proteomic studies are based on 2-dimensional polyacrylamide gel electrophoresis (2-D PAGE) to compare protein expression patterns from different tissues or cell lines. The first dimension separates proteins by pH, isoelectric focusing, and the second dimension by molecular mass, sodium dodecyl sulfate PAGE. Although, 2-D PAGE has been available for several decades, improvements in this technology have dramatically improved sensitivity, resolution and reproducibility.
The more important application of this technique in disease proteomics is the discovery of proteins which might serve as prognostic biomarkers for survival of cancer patients. A novel application of 2-D PAGE has been in the discovery of circulating autoantibodies in cancer patients. In some cancer patients, there is evidence that a humoral immune response against tumor antigens might be elicited, and this might be used in serum assays of disease progression or in the development of anticancer vaccines.
An advantage of 2-D PAGE is that it has the capacity to resolve and investigate protein, abundance in a single sample and the possibility to directly detect changes in diseased and healthy tissue.
The major disavantage of 2-D PAGE is that it is laborious and does not resolve highly basic or proteins, smaller than 10 kDa. Because most clinical biomarkers are high large proteins 2-D PAGE is an ideal technology for the study of cancer biomarkers. Therefore, 2-D PAGE, complemented with mass spectrometry, has been used to identify protein changes associated with a variety of human cancers [12] .
Two-dimensional difference gel electrophoresis (2D-DIGE)
One of the most recent technical advances in 2-DGE has been multiplexing fl uorescent 2D-DIGE [15] . This method directly labels lysine groups in proteins with cyanine (Cy) dyes prior to IEF and can allow for quantitative comparisons between patients and control samples when different fl uorescent labels are used for each sample.
The critical aspect of 2D-DIGE technology is the ability to label 2-3 samples with different dyes and then electorphorese all samples on the same 2-D gel. This ability reduces spot pattern variability and the number of gels in an experiment making spot matching much more simple and accurate [16] . The single positive charge of the CyDye replaces the single positive charge present in the lysine at neutral and acidic pH keeping the pI of the protein relatively unchanged. A mass of approximately 500 Da is also added by the CyDye to the labeled protein.
The individual protein data from the control and diseased/ treatment (Cy5 or Cy3) samples are normalized against the Cy2 dye-labeled sample, Cy5:Cy2 and Cy3:Cy2. These logarithm abundance ratios are then compared between the control and diseased/treatment samples from all the gels using statistical analysis (t-test and ANOVA) [17, 18] . The principal disavantage of this technique is that it has a low thoughtput (three samples per gel) (Figure 2 [19] . The experimental features of microarrays have advantages for cancer research. The low sample volumes result in the consumption of small amounts of both precious clinical samples and expensive antibodies. The assays can be run efficiently in parallel, making possible studies on the large populations of samples that are necessary for marker detection and validation. In addition, these assays have good reproducibility, high sensitivity, and quantitative accuracy over large concentration ranges [20] . Antibody and protein arrays are complementary and in some aspects preferable to separation based and mass spectrometry based technologies. Reproducibility and throughput can be higher, and the identities of the considered proteins are known or can be readily characterized. Therefore, specific hypotheses regarding the nature of molecular alterations can be tested, and biologically interpreted [21] . Applications of antibody array methods to cancer research are increasing in scale and effectiveness.
Protein and peptide arrays are effective for probing the interactions of protein and peptides with other antibodies, protein or other molecules. Protein microarrays are an emerging class of nanotechnology for analysing many different proteins simultaneously. Much progress has been made for applications in basic science [22] . These approaches are likely to recapitulate at the protein level the mRNA expression profiling studies by arraying various protein probes on top of specifi c surfaces, and then determining interactions with specific proteins in complex samples. The most advanced format in this setting is the antibody microarray, where the proteins are specific antibodies printed on solid surfaces.
Protein arrays recently have confirmed the use for probing the abundance of specifi c proteins in biological samples, this phase call "reverse phase". Protein lysates from cell culture or tissue samples are spotted in microarrays on nitrocellulose membranes. A labeled antibody specifi c for a particular protein is incubated on a microarray, and quantification of the bound antibody reveals the amount of that protein in each sample [23, 24] . Therefore, reverse phase array experiments quantify a single protein in many samples, in contrast to antibody arrays that quantify many proteins in one sample. Numerous demonstrations that this technology uses for profi ling proteins in cancer have appeared.
The various methods presented here are complementary with each other and with other proteomic methods, and they may be used together for added benefi t as demonstrated in a study of proteins in breast cancer cells using cytokine arrays, reverse phase arrays, and bead-based arrays in conjunction with two-dimensional gels ( Figure 3 ).
TOF-Mass Spectrometry applications in clinical oncology
SELDI-TOF MS is a commonly used non-gel based method. The technique combines protein separation directly with presentation to the mass spectrometer. Various types of substrates have different affi nities for different proteins, thus it is possible to increase protein representation when combining various arrays. The combination of these arrays with up-front prefractionation chromatography (e.g. anion exchange) permits the detection of up to 2000 protein species from serum [25, 26] . The resulting spectral masses are analyzed using univariate and multivariate statistical instruments to provide a single marker or multimarker pattern that can classify clinical samples. Discriminator protein pinnacles are then purified and submitted to the MSbased identifi cation process (Figure 4) .
The SELDI technique was developed to profile clinical biological fluids, notably serum and/or plasma, and became important when numerous studies showed its potential in identifying unique biomarkers or complex patterns with diagnostic value, allowing its use for screening and early diagnosis in various cancers [27, 28] . One major criticism of the technique relies on the overall lack of sensitivity and capability to detect tumor-specifi c protein traces within a large amount of nonspecifi c protein species [29] . However, even though still controversial in its reproducibility and ability to detect actual specifi c tumor signatures, SELDI has several advantages, such as easy of use, high throughput, and relatively reasonable cost, all making it a very attractive technique for working with large clinical sample.
Matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS), is a 
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technique to analyze peptides and proteins in relatively complex samples. It has even been used for the direct analysis of tissue specimens [30] . In MALDI-TOF MS, a small quantity of specimen containing peptides and protein is dried on a target plate together with a lightabsorbing matrix molecule.
Two technical advancements have improved resolution of MALDI-TOF MS to its current state. First, use of an electronic mirror (refl ectron) to refl ect ions substantially increases resolution, and second, delayed extraction introduced after sample vaporization and earlier than the electric potential is applied. Shorter times are optimal for small molecules, and longer times for large molecules. The standard detector for MALDI-TOF MS is a microchannel plate, which acts as an electron multiplier for ions reaching the detector. Detector replys relate to the number of ions reaching the detector and ion velocities.
MALDI-TOF MS permits a rapid determination of molecular masses and the heterogeneity of small amounts of peptides and proteins. Usually, intact molecular ions are formed and determination of polypeptide mass.
LC-MS and LC-MS-MS in comparative proteomic
Capillary-scale HPLC-MS/MS (LC-MS) is rapidly emerging as a method of choice for large scale proteomic analysis [31] . LC-MS systems can be used to identify and track the relative abundance of thousands of molecules [32] . For standard bottom-up profiling experiments, the molecules in question are peptides derived by proteolysis of intact proteins. For very complex protein samples, such as blood, the peptide mixtures are resolved by chromatographic separation prior to injection into the mass spectrometer. This generates a more informative map, that consists of both the unique elution of individual peptides. Distinct peptides of interest are induced by collision fragmentation followed by database matching for the purpose of sequence identifi cation, while the recorded pattern of precursor ion intensities can be used to infer the relative quantities of the various proteins between samples [33] . LC-MS systems consists of different instruments to separate peptide mixtures based on physicochemical properties, separate ions on the basis of m/z ratios and registers the relative abundance of ions at discrete m/z.
In LC-MS-MS technique, precursor ions are recorded in full-scan mode, followed by selective ion isolation and fragmentation for sequence identifi cation [33] ( Figure 5 ).
Isotope-coded affi nity tags (ICAT and iTRAQ)
This is the prototypical and the most popular method for quantitative proteome analysis based on stable isotope affi nity tagging and MS [34] . The ICAT reagent is a sulphydryl-directed alkylating agent composed of iodoacetate attached to biotin through . On-chip sample purifi cation using one or more wash buffers (grey colour). The application of energy-absorbing matrix for the absorption of laser energy (empty colour). Laser irradiation desorbs bound proteins and positively ionizes them. Owing to the electric fi eld, they migrate in the mass analyser: (small diamond) and multiply charged proteins (oval) faster than large and single-charged ones (triangle). Thus, the proteins are separated. Time of fl ight (t) is proportional to protein mass per charge.
Labelling protein capture on microarray a short oligomeric coupling arm (d0). The exchange of 8 deuterium atoms for hydrogen atoms in the coupling arm produces a heavy isotope version of the reagent (d8). Thus the reagent comprises of a cysteine reactive group, a linker containing the heavy or light isotopes (d8/d0) and a biotin affinity tag. This method involves in vitro derivatization of cysteine residues in protein with d0 or d8 followed by enzymatic digestion of the combined sample. All the cysteine residues thus tagged with biotin are selectively separated by avidin column and the cysteine-containing peptides are further separated followed by MS analysis [35] . The iTRAQ technique capable of multiplexing samples is primarily based on the ICAT technique and compared in detail. The iTRAQ technique uses four isobaric reagents allowing the multiplexing of four different simples in a single LC-MS-MS experiment. The multiplexing capability of iTRAQ allows a control sample to be compared with different points in time of a disease state, as well as with respect to different drug treatments. One of the major advantages of this technique is its ability to label multiple peptides per protein, which increases the confidence of identifi cation and quantitation [35] . There are numerous differences (advantages and disadvantages) between the select proteomic technologies for protein profi ling (Table 1) .
High-resolution hybrid quadrupole TOF
One of the fi rst major advances used in any developing area of research was a high-resolution hybrid quadrupole TOF (QqTOF) MS fitted with a SELDI ion source to acquire proteomic patterns from serum. A recent study was designed to determine whether there is any diagnostic advantage provided by acquiring the proteomic patterns of serum samples using a high-resolution, high mass accuracy MS instrument. Results were analyzed on the exact same ProteinChip surface, thus eliminating all experimental variability apart from the use of two different instruments. Different combinations of bioinfor matic heuristic parameters were used to generate different diagnostic models using the data acquired from the two distinct mass spectrometers [36] . These parameters included the similarity space for cluster classification, and the learning rate in training of the genetic algorithm. The diagnostic models generated from mass spectra acquired using the higherresolution Qq-TOF MS were statistically superior [37] .
Proteomic analysis software
The result of the analysis of a complex proteomic mixture by SELDI-TOF-MS is a low resolution profile of the protein or peptide species that were subsequently ionized from ProteinChip surface. It has been the development and combination of sophisticated bioinformatic algorithms for the analysis of SELDI-TOF-MS data. The intention of this bioinformatic analysis has led to the potential application of this technology as a major advancement in the diagnosis of cancer and other diseases. There are several different types of bioinformatic algorithms, such as single classification trees, neural nets, genetic algorithms, and random forest algorithms, which have been applied to enable SELDI-TOF-MS data to be investigated as a diagnostic technology. Although they function in different protocols, these algorithms share a common goal: to construct a classifier and discover peak intensities most likely to be responsible for segregating classes of samples [38] . Since its inception, SELDI-TOF-MS has been used to develop diagnostic platforms for several different cancers.
PROTEOMIC ANALYSIS IN COLORECTAL CANCER
During the past decade, genomic analyses have been introduced into cancer studies with variable success. It has become recognized that genomic techniques are insufficient to study the complex pathways of carcinogenesis; this has led to the application of proteomic techniques, which allow for the reliable analysis of complex mixtures of proteins [39] . Colorectal cancer is the third most common cancer in the world. It is well known that the adenomatous polyposis coli (APC) gene is mutated in patients with familial adenomatous polyposis (FAP) and sporadic colorectal cancer, and that mutations initiate colorectal carcinogenesis. It is now suggested that many colorectal cancers arise from preexisting adenomas. Following several steps of mutation of oncogenes and tumor suppressor genes, adenomas develop to colorectal cancers [40] . Many groups have reported the proteomic analyses of colorectal cancers. Dundas et al found that mortalin, also known as mitochondrial HSP70, is involved in cell cycle regulation with important roles in cellular senescence and immortalization pathways and was over-expressed in colorectal adenocarcinomas and correlated with poor survival [41] . Lane et al identified over-expressed multiple cytochrome P450 enzymes in human colorectal cancer tissues and metastases [42] . Cytochrome P450 proteins (CYPs) in the liver are known to be of major importance to the fate of anticancer agents; however, their expression and role in tumours has received little attention. CYPmediated metabolism is generally viewed as a route to drug detoxification and increased elimination, although CYP activation of certain anticancer drugs. The presence of metabolically active CYPs in a colon metastastic deposit is likely to be important in determining the metabolic fate of chemotherapeutic agents and hence the outcome of treatment. Stulik et al performed proteomic differential display between the matched sets of macroscopically normal colon mucosa and colorectal cancer tissues. They report that the expression of HSP70, S100A9, S100A8, S100A11 and S100A6 was up-regulated in colorectal cancer tissues compared to normal colon mucosa, and the levels of liver fatty acid-binding protein, actin-binding protein/smooth muscle protein 22-a and cyclooxygenase 2 were down-regulated in transformed colon mucosa [43] . The S100A6 protein was the fi rst S-100 protein specifi cally identified as being related to the state of cellular proliferation. The possible correlation between increased expression of some members of the S100 protein family and colon carcinogenesis is also supported by the finding that documents the participation of the S100A4 protein in the progression and metastasis of colorectal carcinogenesis. Alfonso et al reported the up-regulation of annexin , MTA-1 and others in colorectal cancer tissues, and the down-regulation of NCF2, PMM2 and others [44] . Several functional groups of proteins were affected, including regulators of transcription, structural proteins, and those involved in protein synthesis and folding. The MTA-1 gene encodes a protein that was identified in metastatic cells, specifically, mammary adenocarcinoma cell lines. Expression of the MTA-1 gene has been associated with the progression of several carcinomas in colon, lung, prostate, and liver. A annexin is a calciumbinding protein and I involved in cellular communication and signal transduction, for this reason it was upregulated in colorectal cancer. Friedman et al identified adenosyl homocysteinase, leukocyte elastase inhibitor and others as up-regulated proteins, and puromycin-sensitive aminopeptidase, NADH-ubiquinone oxidoreductase and others as down-regulated proteins in colorectal cancer tissues [45] . Minowa et al identified truncated β-tubulins as a protein specifi c to polyp samples from APC gene-mutant mice by proteomic analysis of the small intestine and colon epithelia [46] . The adenomatous polyposis coli gene (APC) is mutated in patients with familial adenomatous popyposis (FAC) and sporadic colon cancer, and these mutations initiate colon carcinogenesis. Simpson et al [47] performed membrane proteomic analysis of the human colon carcinoma cell line LIM 1215 to search for novel tumor marker proteins expressed during various stages of cancer progression, although the data are not shown.
Given the continual rise in the number of potential biomarkers of CRC, future studies will increasingly employ genomic and proteomic technologies, which enable the measurement and analysis of numerous potential biomarkers simultaneously. These techniques are able to produce gene or protein 'profiles' associated with clinical outcome, the analysis of which may then yield novel biomarkers with prognostic and/or therapeutic potential [48] ( Table 2) . At this moment, biomarkers whose sensitivity and specifi city are better than bloody stool examination have not yet been found. Since the bloody stool test is easier than examination using cancer specimens and easier to handle than sera, from a clinical aspect, the bloody stool examination is better than biomarkers [34] . In another recent study, the detection of upregulated α-defensins 1, 2 and 3 in colorectal cancer tissue were reported in two independent, but similar analyzes. In both studies, SELDI-TOF MS results in tissue correlated with serum levels that were determined using ELISA or SELDI-TOF MS. This provides an interesting approach for fi nding new serum markers because biomarkers identified first in tissue could prove to be more specifi c. Unfortunately, α-defensin levels are also increased in serum during, for example, infection [49] . α-defensin and β-defensin are major components of the epithelial mammalian innate immune system. Defensins are small cationic peptides with high activity against a variety of microbials, encoded by genes and some are regulated in response to challenge with bacterial antigens. Gastrointestinal α-defensins (HD5 and HD6) are almost exclusively expressed in and secreted from Paneth cells of the small intestine, while β-defensins (hBD-1, hBD-2, hBD-3) are secreted by virtually all gastrointestinal epithelial cells to a varying extent.
CONCLUSIONS AND FUTURE
PERSPECTIVES
Rapidly developing techniques that considerably enhanced information gained from proteomes integrate proteomics with other disciplines such as cell biology, biochemistry, molecular genetics, and chemistry. This consolidation certainly demonstrates incredible power and possibilities of proteomics for further applications. It is necessary to cross the barriers of limited resolution, mass range, detection level, and other reasons for protein underrepresentation in analyzed proteomes. Once achieved, the door that allows complete identification of specific protein markers will open and the comprehension of complex networks of protein/peptide interactions involved in cancer will begin to be elucidated [6] . While the application of computational and statistical methods to proteomic profi ling is relatively new, it is rapidly gaining interest. Hence, it is worthwhile suggesting fruitful avenues for moving forward. It was suggested above that simultaneous LC-MS data alignment and normalization may be beneficial for comparative profi ling.
Proteomic technologies are now in place to examine simultaneously and comprehensively many protein expression differences that result from disease and treatment, with the ultimate payoff being the use of specifi c protein profi les for the early diagnosis of patients and for patient-tailored therapies [49] .
